The tropical easterly jet (TEJ) is a characteristic upper-level feature of the West African monsoon (WAM) circulation. Moreover, the TEJ over West Africa is significantly correlated with summer Sahel rainfall on interannual and decadal time scales. In contrast, the relationship between Sahel rainfall and the regional TEJ on synoptic to intraseasonal time scales is unclear. Therefore, this relationship is investigated by means of multiple statistical analyses using temporally highly resolved measurement and reanalysis data. It is shown that average correlations between convective activity and regional TEJ intensity remain below 0.3 for all synoptic to intraseasonal time scales. Especially on the synoptic time scale, the TEJ significantly lags anomalies in convective activity by one or two days, which indicates that convection anomalies are more likely to drive changes in the regional TEJ than vice versa. To further shed light on the role of the TEJ for rainfall over West Africa, a previously proposed effect of TEJ-induced upper-level divergence on the development of mesoscale convective systems (MCSs) is examined more closely. An analysis of nearly 300 Sahelian MCSs shows that their initiation is generally not associated with significant TEJ anomalies or jet-induced upper-level divergence. Furthermore, no statistically significant evidence is found that preexisting TEJ-related upperlevel divergence anomalies affect intensity, size, and lifetime of MCSs. A limiting factor of this study is the focus on TEJ-induced upper-level divergence. Therefore, a possible effect of the TEJ on Sahel rainfall via other mechanisms cannot be ruled out and should be subject to future studies.
Introduction
Rainfall in sub-Saharan West Africa is inextricably linked to the West African monsoon (WAM), which is characterized by a pronounced seasonal wind shift initiated by thermodynamic contrasts between land and ocean. A prominent feature of the summertime WAM circulation is the tropical easterly jet (TEJ), an uppertropospheric (100-200 hPa) easterly current between 58 and 208N, first described by Rao (1952) and Koteswaram (1958) . The TEJ originates in the South Asian monsoon system over the Bay of Bengal, extends westward to Africa and decays over the tropical Atlantic. Observations, reanalyses and model simulations have shown that anomalously wet years in the Sahel are often characterized by a regionally stronger TEJ compared to its Denotes content that is immediately available upon publication as open access.
summer [June-September (JJAS)] climatology whereas dry years exhibit a weaker TEJ over West Africa (e.g., Grist and Nicholson 2001; Sylla et al. 2010) . Figure 1 shows that not only decadal trends (thicker lines) are very similar, but even on a year-to-year basis changes in rainfall often coincide with changes in TEJ intensity. Years with higher Sahel precipitation are on average accompanied by a regionally enhanced TEJ south of the main rainband (Fig. 2) . This distinct regional maximum might be mainly considered as the time-integrated response of the regional upper-level circulation to the positive diabatic heating anomaly of a wetter than normal monsoon season. Nonetheless, it would probably be mistaken to view the TEJ exclusively as a passive by-product of the WAM circulation because the TEJ and WAM rainfall might substantially interact with each other. Moreover, Nicholson (2009) suggested that ''the link between the TEJ and rainfall is a causal one with the strong TEJ enhancing rainfall by enhancing upper-level divergence.' highlighted that the dynamic configuration between convection and the TEJ over West Africa exhibits similarities with that observed for midlatitude jets and stressed the uncertainty with regard to the cause and effect relationship. Assessing a number of synoptic cases, Besson and Lemaître (2014) found that upper-level divergence in the entrance region of regional TEJ maxima (jet streaks) might play an important role by promoting development of mesoscale convective systems (MCSs).
However, previous studies cannot fully prove or explain substantial interaction between the TEJ and Sahel rainfall. Nicholson (2013) only provides a qualitative picture by suggesting two mechanisms (divergence, wave disturbances) by which the TEJ might influence rainfall. The findings of Besson and Lemaître (2014) might not be generally valid as they are only based on FIG. 1. Time series from 1948 to 2013 of JJAS Sahel precipitation (from CRU 3.2 data spatially averaged over 108W-108E and 108-208N) and JJAS 200 hPa TEJ core speed. (For a representative core speed measure that is insensitive to latitude changes, the average JJAS TEJ core speed was calculated from daily NCEP-NCAR reanalysis fields of 200 hPa zonal wind data as follows: within a domain between 108W and 108E and 58S and 258N, the daily maximum of easterly 200 hPa zonal wind speed is found for each longitudinal strip of grid points. The found maximum speeds of each longitude are then averaged over the whole domain to obtain an average speed of the TEJ core.) Thin, light lines depict the unfiltered yearly means. Thick lines show the 10-yr low-pass-filtered time series. The green line depicts the 21-yr running correlation.
FIG. 2. Composite comparison of August easterly 200 hPa zonal
wind from NCEP-NCAR for interannually measured (a) dry and (b) wet Sahel years. For the composite, the eight driest and wettest years of the 15-yr high-pass-filtered CRU precipitation dataset since 1948 were chosen. The gray contour lines depict CRU August precipitation in form of the 2, 4, 7, 10, and 15 mm day 21 isohyet.
one in-depth and 16 brief synoptic case studies. Therefore, further research is needed to gain a more comprehensive view of the possible role of the TEJ in modulating WAM rainfall. In the first part, this study quantifies the covariability and the lead-lag relationship between the TEJ and Sahel rainfall over a range of synoptic to intraseasonal time scales. For this, spectral analysis, lead-lag correlations and regression analysis are applied to a 32-yrlong record of daily outgoing longwave radiation as proxy for rainfall and daily output from multiple reanalyses. The second part of this study challenges the ideas of Besson and Lemaître (2014) , who suggested that TEJ streaks aid MCS development, mainly by inducing significant upper-level divergence. Theoretical considerations, which follow in the next section, render a pivotal role of the TEJ on MCS initiation via upper-level divergence unlikely. A secondary order effect of TEJrelated divergence on convective initiation cannot be ruled out, though, and a possible impact on MCS organization is still an open question. We therefore extend the work of Besson and Lemaître (2014) and provide a more complete statistical investigation of upper-level winds before the initiation of Sahelian MCSs, also testing whether changes in MCS lifetime, size or intensity are associated with TEJ-induced divergence. In contrast to Besson and Lemaître (2014) , our analysis is not limited to a few individual MCS events, but involves roughly 300 MCS initiation cases in the period 2007-15, allowing us to assess statistical significance.
Theoretical background
The subseasonal variability of WAM precipitation can be broken up into three time scales: 2-8 day (referred to as synoptic-scale variability hereafter), 10-25-day, and 30-90-day variability. Synoptic-scale variability dominates on smaller regional scales (;1000 km) and is strongly linked to westward propagating wave disturbances, so-called African easterly waves (AEWs), with typical wavelengths between 2000 and 5000 km and periods of mostly 2-7 days (Carlson 1969; Burpee 1972; Kiladis et al. 2006; Mekonnen et al. 2006) . At larger spatial scales (1000 km), synoptic-scale variability is not as important and rainfall variability is increasingly confined to time scales longer than 10 days. On the 10-25-day time scale two dominant modes of variability exist: the quasi-biweekly zonal dipole mode (QBZD) (Mounier et al. 2008 ) which only affects the southern parts of the Sahel and the so-called Sahel mode (Sultan et al. 2003; Janicot et al. 2010 ). The QBDZ is characterized by a quasi-stationary zonal dipole of convection and a corresponding Walker-type circulation between the Guinean coast and the western part of the equatorial Atlantic which changes sign about every 7 days. The Sahel mode is associated with a first northward and then westward propagating signal of enhanced convective activity starting over central Africa, traveling through the Sahel region and dissipating over the equatorial Atlantic. Variability on the lower-frequency band (30-90 days) is mainly associated with the Madden-Julian oscillation (MJO; Maloney and Shaman 2008; Alaka and Maloney 2012) . In contrast to WAM precipitation, subseasonal variability of the West African TEJ has been much less studied and it is not clear whether it is linked to any of the abovementioned modes. The first part of this study aims to close this gap.
From a more phenomenological than statistical point of view, Sahel rainfall is mainly linked to the number of mesoscale convective systems (MCSs; Lebel et al. 2003; Lebel and Ali 2009) . Of particular importance are large and well-organized MCSs which move westward with speeds between 10 and 15 m s 21 and often persist for more than 24 h. Although such MCSs represent only 12% of all convective systems in the Sahel, they are responsible for up to 90% of all rainfall over that region (Mathon et al. 2002) . For any kind of deep, moist convection to occur, three necessary ingredients have to be in place at the same time (Doswell et al. 1996) : Besides the presence of 1) sufficiently moist air and 2) a conditionally unstable stratification, 3) a lifting mechanism is needed to lift a parcel to its level of free convection (LFC). In the Sahel, convective inhibition is often high and therefore vigorous lift is required to raise a parcel to its LFC. Sufficient lift can be produced by orography, cold pools or mesoscale circulations arising from surface inhomogeneities (Lafore et al. 2017 ). While such mesoscale scale processes are pivotal for the initiation of deep convection, synoptic-scale atmospheric dynamics might also play an important role in the formation and in particular organization of deep, moist convection. Over 60% of organized squall lines in summer are associated with AEWs (Fink and Reiner 2003) suggesting that synoptic-scale dynamics might be a crucial factor for well-organized Sahelian MCSs. Whereas convective clouds can be found in each sector of AEWs, most organized convective systems tend to occur at or ahead of the trough (Diedhiou et al. 1999; Duvel 1990; Fink and Reiner 2003) . One of the main reasons is the increased lowerlevel shear between a southwesterly monsoon flow and northerly flow at the AEJ level (600 hPa).
Recently, Besson and Lemaître (2014) suggested that not only the midtropospheric AEJ and associated AEWs but also the upper-tropospheric TEJ might affect MCSs, mainly via its impact on upper-level divergence.
As shown in Fig. 2b , the TEJ can exhibit a distinct regional maximum over the coastal region of West Africa-even in the seasonal mean. On synoptic time scales, this maximum can be much more pronounced (Fig. 3a) , giving it a similar appearance to jet streaks found at midlatitude jets. According to quasigeostrophic theory, jet streaks are associated with substantial ageostrophic flows in their entrance and exit regions. In the idealized case of a straight jet streak in a flow with a Rossby number small in comparison to unity, theory predicts a symmetric four cell divergence-convergence pattern with upper-level divergence at the anticyclonic-shear side (poleward in case of an easterly jet) entry and cyclonic-shear side (equatorward) exit of a jet stream (e.g., Uccellini and Johnson 1979) . The conditions for the development of a symmetric four cell pattern (shown in idealized form in Fig. 3b ) are stringent and numerous factors including curvature of the jet axis and latent heat release strongly modulate the patterns of divergence and convergence. The four-cell pattern changes more toward a two-cell pattern if the Rossby number surpasses 0.5 (Van Tuyl and Young 1982) . Given that the mean position of the TEJ (;68N) results in typical Rossby numbers around 0.7 [see calculation in Besson and Lemaître (2014) ], a simple two-cell pattern might be the most realistic depiction. Substantial divergence can therefore only be expected at jet entrance regions. Besson and Lemaître (2014) assumed to be constant and the vertical velocity was set to zero at the tropopause. It is, however, questionable whether possible jet streak-related upper-level divergence can be of any significance for convection over the Sahel. Most studies investigating the impact of jet streaks on convection focus on highly baroclinic jet configurations in midlatitude regions; there, the ageostrophic flow in the entrance region is often accompanied by a thermally direct, transverse circulation which is characterized by deep synoptic-scale ascent along sloped isentropes (e.g., Uccellini and Johnson 1979) . Literature on jet streaks in tropical regions is sparse, however, likely because synoptic-scale dry ascent is assumed to be weak there due to the smallness of the Coriolis parameter (Charney 1963; Raymond et al. 2015) . Therefore, it is unclear whether jet streaks at the TEJ also enable synoptic-scale ascent throughout the whole troposphere or whether the divergence-related mass deficit is compensated by convergence in layers directly below. In their in-depth case study, Besson and Lemaître (2014) described TEJ-forced ascending motions and associated adiabatic cooling reaching down as far as 4 km above ground level. Even if some TEJ-related uplift at the order of cm s 21 extends down to the boundary layer, it is certainly too weak to lift a potentially buoyant parcel to its LFC (Doswell 1987) . Nonetheless, even weak synoptic-scale rising motion can be pivotal for convection in some cases. If it persists for at least some hours, synoptic-scale ascent preconditions the atmosphere through adiabatic cooling which increases CAPE and lowers CIN. Couvreux et al. (2012) more statistical analysis which will follow in the second part of this paper.
Data and methods
a. Statistical analysis of synoptic to intraseasonal variability
All statistical analyses described below are applied to a 32-yr-long (1979-2012; 1982 and 1985 are left out because of too many missing values) daily record of outgoing longwave radiation (OLR) measurements from NOAA (Lee 2014 ) and daily-averaged reanalysis output from ERA-Interim (Dee et al. 2011) , NCEP-NCAR (Kalnay et al. 1996) , MERRA-2 (Gelaro et al. 2017) , and JRA-55 (Kobayashi et al. 2015) for the same time period. OLR is chosen as a suitable proxy for rainfall which is generally deemed to be valid in tropical regions where rainfall associated with deep convection predominates. All analyses are limited to the WAM season comprising JJAS.
First, power spectra for local and regional scales are calculated to identify typical time scales associated with most variation in OLR and wind speeds at the TEJ level (200 hPa). For this and the following analysis, regional averages for OLR are calculated from 158W to 158E over 88-168N, which represents the typical latitudinal extent of the WAM rain belt. For the TEJ, an averaging domain of the same size is used but shifted 68 to the south to account for the typical mean position of the TEJ core (68N). To remove the signal of the annual cycle, daily-averaged data of each year are prepared by subtracting the first three harmonics of the respective annual cycle and an additional detrending. JJAS power spectra are then calculated for each year separately and averaged afterward. The spectral analysis is carried out using the NCL function specx_anal. Ten percent of the time series is tapered and some smoothing is applied by averaging three periodogram estimates. To check statistical significance of spectral peaks of the averaged spectra we calculate the best-fitting Markov spectrum and its lower 5% and upper 95% confidence bounds via the NCL function specx_ci. The Markov spectrum refers to a univariate lag-1 autoregressive process and can therefore represent white or red noise spectra. Spectral peaks that lie outside of the confidence bounds are considered to be significant because they differ from white or red noise.
Bandpass filtering is applied to the deseasonalized daily-averaged data to investigate the relationship between the TEJ and Sahel rainfall separately for three typical rainfall variability time scales: synoptic variability (2-8 days), submonthly variability (10-25 days) and MJO time scale variability (30-90 days). The bandpass filter used for all analyses in this study is a standard top hat spectral filter as implemented in the Climate Data Operators package (Schulzweida 2019) . For each time scale, the JJAS lead-lag correlations between regionally averaged OLR and 200 hPa zonal wind are calculated individually for each year and averaged afterward. Before calculating the 10-25-day and the 30-90-day correlations, time series are smoothed by a 3-day running mean.
Spatial patterns of anomalous upper-level flow linked to Sahel convection anomalies on synoptic and submonthly time scales are explored via linear regression, similar to Kiladis and Weickmann (1997) . Bandpassfiltered, spatially averaged OLR in a selected Sahel base region is regressed separately against the filtered zonal and meridional components of the 200 hPa wind and OLR itself for each grid point at different time lags. The linear dependence of circulation and OLR anomalies is then mapped by evaluating the respective regression equations for each grid point using one negative standard deviation in OLR at the base region as the independent variable. Statistical significances of the linear relationships are tested via a Student's t test that takes into account the reduction in the degrees of freedom due to autocorrelation.
b. Relationship between TEJ and MCSs
The possible relationship between the TEJ and initiation and further development of MCSs is explored by analyzing a large number of MCS initiations and associated upper-tropospheric dynamics. The focus is laid on large and organized MCSs because they are responsible for the bulk of rainfall and are more likely to interact with large-scale atmospheric dynamics than smaller, unorganized convection.
An objective MCS tracking algorithm developed by Huang (2017) , based on the conventional area overlapping method combined with a Kalman filter, is applied to the Gridsat-B1 brightness temperature dataset (Knapp and Wilkins 2018) . We use the traditional 233 K threshold to identify deep convective cells and demand that the 233 K isotherm encloses a minimum of 30 000 km 2 (cloud shield radius . ; ; 100 km) and that the system has a lifetime of at least nine hours. This choice of minimum size and lifetime is justified for our purposes because MCS with radii $100 km explain more than 80% of the MCS-associated integrated cloud cover according to Mathon and Laurent (2001) . The same is true for systems with lifetimes $9 h. To prevent that a possible effect of the TEJ is overshadowed by precedent or adjacent MCS, each tracked MCS should represent a more or less isolated system that is neither the product of an MCS split nor directly triggered by systems nearby. For that, only those MCSs are selected for which no grid point with brightness temperature below 233 K is found three hours before initiation in a box of 58 longitudinal and 28 latitudinal extent east of the genesis area. In addition, each found event is required to be temporally separated by at least 24 h. As a consequence of these further selection criteria we exclude about 60% of all large Sahelian-type MCS initiations from our analysis which is a large but necessary trade-off to eliminate most effects from possible earlier or adjacent MCSs. Gradually relaxing these selection criteria and therefore increasing the number of examined MCS initiations leaves our results more blurred but mostly unchanged in their key aspects which is why we are confident that the selection of MCSs does not compromise the general validity of our study. The MCS tracking algorithm is applied for nine monsoon seasons (JJAS) between 2007 and 2015 (limited to the availability period of the Eumetsat divergence dataset which is described later) and found MCS genesis cases are binned into 18 3 18 grid boxes (Fig. 4b) .
Assuming that surface characteristics and atmospheric dynamics do not differ fundamentally within a Sahel-Sudanian band between 108W and 108E and 108 and 158N, we create a temporal and spatial composite of all MCSs initiated within this band in 9 years, such that all developing MCSs are now centered at the origin of a MCS genesis relative coordinate system. Because of the comparably high number of Sahelian-type MCSs and their large contribution to total rainfall there, we focus on the Sahel-Sudanian region in our study but also examine MCS-related upper-tropospheric conditions in three other areas as depicted in Fig. 4a .
The resulting large MCS ensemble (287 MCS initiations in the Sahel-Sudanian region) enables a statistically robust investigation of mean synoptic conditions before, during and after initiation of MCSs and allows further to assess the range of conditions under which MCSs form. For the analysis of the atmospheric state, the output of the three reanalyses ERA-Interim, JRA-55, and MERRA-2 is used and compared among each other. In the case of ERAInterim and JRA-55, 6-hourly output is interpolated to 3 h to match the temporal resolution of the MCS tracking. In the results section, most in-depth analysis is shown for ERA-Interim as it seems to resolve MCSs and their imprint on the synoptic-scale dynamics better than other reanalyses. OLR fields are displayed using the CERES SYN1deg OLR dataset (Rutan et al. 2015) . Upper-level divergence is a crucial quantity for which we do not want to rely solely on reanalyses, as was the case in previous studies. Therefore we use the Eumetsat divergence product (EUMETSAT 2005) which is derived from satellite-derived atmospheric motion vectors (AMVs) and represents average divergence between 400 and 100 hPa. The calculation of AMVs in this product is based on the tracking of upper-level moisture features using successive satellite images of the water vapor channel (6.2 mm) of Meteosat-8 at a 15 min interval. As a result, the derivation of AMVs and the subsequent calculation of upper-level divergence is not reliant on the presence of any clouds. The Eumetsat divergence product is available at spatial resolution of 18 and temporal resolution of 3 h for the years 2007-15. Although we consider the dataset to be sufficiently representative of the divergence at the TEJ level (200 hPa), we will designate it as 100-400 hPa divergence throughout the paper.
Anomalies analyzed in this part of the study are calculated as deviations from 12-day low-pass filtered values calculated separately for each 3-hourly time step of the day. This method provides a time of day dependent reference state which removes the signals of the diurnal cycle for the respective anomalies. The filtering cutoff period-12 days-is sufficiently above the time scales associated with MCS passages and synoptic-scale phenomena such as AEW (2-7 days) but short enough to exclude any effects from the seasonal cycle or the MJO. Statistical significance is assessed via a bootstrapping method of sampling with replacement using 5000 iterations.
Results

a. Statistical analysis of synoptic to intraseasonal variability
1) SPECTRAL VARIABILITY
If the TEJ and Sahel rainfall are assumed to interact on synoptic to intraseasonal time scales, similar distributions of spectral power would be expected. However, their respective 32-yr-averaged power density spectra exhibit substantial differences across all time scales. OLR displays highest spectral power in a period range between 3 and 7 days which is certainly associated with AEWs (Fig. 5a ). Strongly apparent is the much higher local-than regionalscale variability (red versus blue lines) on synoptic time scales, likely due to the rather small-scale nature of convection. Beyond the synoptic time scale, the OLR spectrum shows, on average, no significant peaks in the 10-25-day band. For some years, however, a significant peak can be observed (see light shadings) which is likely associated with the QBZD and Sahel mode. A broader peak exists at the 30-90-day time scale which is hypothesized to be attributable to the MJO.
Compared to convection (OLR), the TEJ appears to be much more spatially homogeneous and its variability is confined to larger spatial and longer time scales. The power spectrum of zonal wind speed at 200 hPa resembles a red noise spectrum with no distinctive spectral peaks on shorter time scales (Fig. 5b) . By far the strongest, albeit insignificant, variability can be observed at periods around 50 days. Contrary to the OLR power spectrum, the local scale variability is very similar to regional scale variability -even on very short time scales. Although highest spectral power is found on the MJO time scale, a broader significant signal exists between 4 and 15 days with some marked peaks at 9 and 14 days. A similar significant concentration of spectral power for such periods was found for symmetric OLR spectra as shown in Wheeler and Kiladis (1999, their Fig. 3 ), hinting at the substantial impact of equatorial waves (in particular Kelvin waves) on the TEJ variability. In contrast to the zonal component of the TEJ, the power spectrum of the meridional wind in 200 hPa looks much more similar to the OLR spectrum with a strong peak at about 3.5 days and a broader maximum between 4 and 6 days (Fig. 5c) . The broad maximum is consistent with the findings of Nicholson et al. (2007) who have shown that planetary waves with periods of 5-6 days are observed in the upper-tropospheric flow over West Africa. Furthermore, the aforementioned equatorial waves might explain a considerable portion of the variability of the 200 hPa meridional wind field.
2) CORRELATIONS ON ALL SYNOPTIC TO INTRASEASONAL TIME SCALES
We calculate-individually for each year-the lead-lag correlation between daily Sahel region averages of OLR (averaged from 158W to 158E and 88 to 168N) and 200 hPa zonal wind (averaged from 158W to 158E and 28 to 108N). A positive correlation coefficient means that increased convection (negative OLR anomaly) goes along with an increased TEJ speed (negative zonal wind anomaly). When a maximal positive correlation is observed at positive time lags, it indicates that phases of an intensified TEJ lag phases of stronger convective activity.
For synoptic time scales, by far the highest 32-yr averaged correlation of 0.28 is observed when OLR anomalies lead TEJ anomalies by one or two days (Fig. 6a) , meaning that an intensified TEJ is mostly observed after a period of increased convective activity and not vice versa. On time scales between 10 and 90 days, the lead-lag correlations remain below 0.3-without pronounced peak values-and therefore do not surpass the distinct maximum value found for synoptic time scales. The relationship on the MJO time scale is characterized by a broad interval of significant correlations of up to 0.28 from 24 to 14 days (Fig. 6c) . On the submonthly time scale, the only barely significant positive correlation of 0.2 is observed at a time lag of 13 (Fig. 6b ). Significant westerly anomalies at 200 hPa and therefore a weakening of the TEJ are observed 1 day before maximum convection on synoptic and some 5 days prior on submonthly time scales. While it is clear for synoptic time scales, the significance of the found lead-lag relationships is doubtful for the submonthly and MJO time scale. In particular on the MJO time scale, there are no distinct peaks in the correlogram which could indicate a clear lead-lag relationship. Moreover, the OLR-TEJ relationship on both time scales between 10 and 90 days exhibits a strong interannual and decadal variability such that in about 20%-25% of all years the correlation becomes negative at time lags from 11 to 13 (bar plots at bottom of Figs. 6b,c) .
The main findings regarding maximum correlations and corresponding time lags are consistent among all reanalyses (Table 1) . We further test the sensitivity of the lead-lag relationships against the area and position of the region over which the spatial averages are calculated. There are no major contradictions to the results presented: smaller averaging boxes, small latitudinal shifts or a change of the latitudinal shift between the boxes result in lower correlations, but the most important result, which is that the TEJ generally lags convection anomalies, is unchanged (not shown).
For a better understanding of the lead-lag relationships, the next two subsections present uppertropospheric circulation patterns associated with Sahel convection anomalies on synoptic and submonthly time scales. The MJO time scale will not be discussed because the OLR regression pattern on the selected Sahel base region OLR is nearly identical to the MJO in phase 1 as depicted in Alaka and Maloney (2012, their Fig. 6 ). During this phase, increased convective activity over West Africa co-occurs with increased upper-level easterlies about the equator which can be understood as an equatorial Rossby wave response to anomalous heating over the equatorial Indian Ocean. Although the strength of the anomalous easterlies decreases exponentially from the equator, some significant anomalies extend northward to about 108N. These remotely induced anomalies that cooccur with increased convection over the Sahel may explain the significant correlations on the MJO time scale at time steps 24 to 14.
3) DOMINANT SPATIAL PATTERNS ON THE
SYNOPTIC TIME SCALE (2-8 DAYS)
The spatiotemporal analysis of the Sahel rainfall-TEJ relationship on the synoptic time scale (2-8 days) shows-in agreement to the previously found lead-lag relationship-that periods with a stronger TEJ (i.e., negative 200 hPa zonal wind anomalies) seem to lag periods of increased convection. These results are obtained by regressing OLR and 200 hPa circulation anomalies on the 2-8 days bandpass-filtered OLR values in the selected Sahel base region (red box in Fig. 7) . Without any imposed time lag (at day 0), the OLR regression pattern shows a negative OLR anomaly of up to 30 W m 22 (Fig. 7a) . The negative OLR signal appears to be embedded in an AEW-like structure as it is associated with a significant lower-and midtropospheric wind anomaly pattern akin to AEW composites as presented in Kiladis et al. (2006, their Fig. 3) (not shown). Upper-tropospheric wind anomalies (here we show ERA-Interim) at day 0 can be identified as mostly divergent outflow with westerly anomalies behind and easterly anomalies ahead of the OLR signal (Fig. 7b) .
One day later the OLR signal moves westward by about 58, accompanied by a significant decrease of its amplitude to less than 210 W m 21 appears near the equator. After two days, the OLR anomaly dissipates but the easterly anomalies at the TEJ level still persist. Before the appearance of the negative OLR anomaly, the TEJ does not show any striking features besides a weakening near the Guinean coast. A jet streak-like pattern is neither observed in the mean state nor in the anomalies. The anomalous 200 hPa geopotential field is characterized by a westward-propagating wavelike pattern (Fig. 7c) . At a time lag of 21 day, widespread cross-equatorial southerlies are observed in relation to that wave structure. Given an approximate frequency of 5 days, a wavelength of about 6000 km and the typical cross-equatorial flow associated with geopotential anomalies roughly asymmetrical about the equator, the observed wave pattern appears to be related to a mixed Positive correlations observed at positive time lags indicate that phases of an intensified TEJ lag phases of stronger convective activity. The correlations are calculated separately for each year from daily bandpass-filtered JJAS data of regionally averaged OLR (158W-158E and 88-168N) and 200 hPa zonal wind (averaged from 158W to 158E and 28 to 108N). Stippling indicates statistical significance at the 5% level determined by a bootstrapping test with 5000 iterations. (bottom) Box-and-whisker plots for the corresponding minima and maxima; the 25%, 50%, and 75% quartiles; and the average (crosses) of the correlation coefficients. Positive lag means that changes in OLR lead changes in 200 hPa zonal wind. The green color of the boxes denotes time lags for that the average correlation is statistically significant at the 5% level (determined by a bootstrapping test with 5000 iterations).
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Rossby gravity wave (e.g., Matsuno 1966; Yang et al. 2007; Kiladis et al. 2009 ).
4) DOMINANT SPATIAL PATTERNS ON THE SUBMONTHLY TIME SCALE (10-25 DAYS)
On the submonthly time scale (10-25 days) the OLR field regressed on OLR in the Sahel base region shows a pattern that might be interpreted as the weighted superposition of the Sahel mode (Sultan et al. 2003 ) and the QBZD (Mounier et al. 2008) . For the selected Sahel base region which represents the average extent of the main monsoon rainbelt, the Sahel mode is more strongly present than the QBDZ. At day 0, a large region spanning from Africa's west coast to about 208E and from the Gulf of Guinea up to the northern Sahel is covered by OLR anomalies of up to 28 W m 22 (Fig. 8a) .
Four days prior to the OLR minimum over the Sahel, the first significant negative OLR anomaly appears over the central and eastern Sahel. This convective signal travels westward while strengthening until reaching maximum amplitude over the Sahel region. Upper-tropospheric circulation changes associated with one negative standard deviation of OLR are mostly constrained to the coastal region and the Northern Sahel region (Fig. 8b) . The TEJ remains mostly unchanged. At a time lag of 22 days, an easterly anomaly first appears the equatorial Atlantic at a time lag of 12 days. Although this signal does not reach further northward than 108N, it might explain the low, albeit significant positive lag correlation between 200 hPa zonal wind and OLR in the Sahel region on this time scale. Two days later, the eastward movement seems to come to a halt and the amplitude weakens. The described equatorial and eastward-traveling 200 hPa easterly anomaly is likely associated with the QBDZ although this mode of biweekly convection is much less visible in the OLR field. When the OLR base region is shifted further to the south, the regressed OLR pattern resembles more and more the QBDZ as described in Mounier et al. (2008) . The corresponding upper-level circulation features are then mostly confined to the equator and are identifiable as the eastward-propagating Kelvin wave-like anomalies related to the Walker-type circulation across the Atlantic. In synopsis, the statistical analysis of the spatiotemporal relationship between Sahel convection and TEJ intensity for synoptic and submonthly time scales yields a clear result: Consistent among all reanalysis models, there is no indication that phases of increased convective activity are preceded by an anomalously strong TEJ or a jet streak pattern. Upper-level easterlies are increased Each row has a designated time lag, going from 22 days to 12 days. All anomalies shown (including wind vectors) are statistically significant at the 5% level determined by bootstrapping method with 1000 iterations.
south of increased convection after one or two days which is in accordance with the maximum lag correlation found in the previous section. These findings are in good agreement with one key result of Kiladis and Weickmann (1997) who explored the relationship between uppertropospheric circulation and convective activity in tropical regions on the 6-30-day time scale: in regions with persistent upper-level easterlies, which includes the Sahel region, upper-tropospheric circulation anomalies are induced by anomalous convective activity, and not vice versa.
b. Relationship between TEJ and MCS
1) ATMOSPHERIC CONDITIONS BEFORE MCS GENESIS
Initiation of deep convection is complex and demands the simultaneous presence of many ingredients. The primary aim of this section, however, is not to unravel the complex interplay of all involved processes but to analyze upper-level winds before MCS initiation within a more complete statistical approach than Besson and Lemaître (2014) . Following this investigation, a brief analysis of the most important mid-and lower-tropospheric processes will be presented. Figure 9 shows the composite-averaged OLR (CERES SYN1deg) anomaly of 287 newly forming MCSs and associated anomalies of dynamical quantities (ERA-Interim) in form of latitude-longitude maps centered on a common, initiation-relative grid over the course of 24 h, beginning with the situation 6 h before initiation (top row) and ending with the dissipation stage (bottom row). Maximal negative OLR anomalies of about 70 W m 22 are observed 3 or 6 h after initiation which is consistent with the widespread and vigorous deep convection in the early mature MCS stage (Fig. 9a) . The TEJ, depicted by anomalous 200 hPa ERA-Interim zonal winds, shows on average no distinct features in the 6 h before MCS initiation (Fig. 9b) . Only a westerly wind anomaly of up to 1 m s 21 , which later becomes significant, is found slightly southwest of the future MCS genesis region. A weak but significant southerly anomaly of 0.5 m s 21 is observed at 200 hPa east of the formation region shortly before MCS initiation (Figs. 9b, 10k ). Although the signals in the composite means are weak, the high variability of upper-level wind anomalies among all 287 composite members should be stressed. In a 28 3 28 box around the MCS initiation area, the 200 hPa easterly wind anomaly before initiation ranges from roughly 210 to 110 m s 21 (Fig. 10h, blue line; please note the scaling factor applied to the 10th-90th percentile range).
Consistent with the composite-averaged anomalous wind field in the ERA-Interim reanalysis, the Eumetsat divergence product shows a small but significant uppertropospheric convergence anomaly in the MCS initiation area (Fig. 9c) . This anomalous convergence is observed over 24 h before MCS formation in both the Eumetsat and ERA-Interim datasets (Figs. 10b,c) (Fig. 10d) , the aforementioned variability in the upperlevel winds before MCS genesis motivates a deeper analysis of the entire MCS ensemble. A nonnegligible number of cases could exist in which an anomalous TEJ and/or a distinct jet streak might exert an effect on the organization of MCSs. This hypothesis is tested by plotting key parameters (size, lifetime, intensity, speed) of each of the 287 MCSs against the large-scale Eumetsat divergence anomaly averaged over the 6 h before MCS initiation in a box slightly upstream (18W-38E, 28S-28N) of the future MCS genesis location. Preexisting upperlevel divergence seems to have no substantial effect on organization of MCSs. All scatterplots strongly resemble random distributions with no apparent clusters (Figs.  11a-d) . The correlations between preceding anomalous upper-level divergence and all MCS parameters are low and statistically insignificant (p . 0.05). To gain further insight, the noise of the anomalous 100-400 hPa divergence field is filtered out by only considering substantial deviations from the median. For this, only those data points are selected that lie either below the first or above the second tertile with respect to both the anomalous divergence and the respective MCS parameter (shaded outer quadrants in Figs. 11a-d) . It is then counted how often distinctly above or below median MCS parameters values co-occur with substantially increased or decreased preceding upper-level divergence. This procedure is repeated for 5000 times after resampling the data each time. According to this method, above-median MCS lifetime, size, intensity, or movement speed are not significantly more frequent in situations with preexisting anomalous divergence at the TEJ level.
The same scatterplot analysis is carried out for a jet streak measure to guarantee that possible jet-induced divergence is not overshadowed by other effects. Inspired by the conceptual jet streak picture depicted in Besson and Lemaître (2014, their Fig. 7a) , we define the jet streak measure as the spatially averaged 200 hPa zonal wind anomaly in a region slightly ahead and south (108W-08E, 48S-28N) of the MCS genesis location from which the average zonal wind anomaly in a larger area (158W-158E, 58S-58N) is subtracted. In a further test, the relationship between the local TEJ intensity and MCS parameters is investigated for a possible effect of upperlevel wind shear on MCS organization. As was the case before with upper-level divergence, no significant statistical connection is found between any MCS parameter FIG. 9 . MCS initiation centered relative latitude-longitude maps of composite mean anomalies (average over 287 MCS initiation cases in the Sahel-Sudanian region) of OLR (CERES), 200 hPa zonal wind u (shaded) and significant 200 hPa wind vectors (both ERAInterim), upper-tropospheric 100-400 hPa divergence d (Eumetsat), and 925 hPa divergence d (ERA-Interim). Anomalies are calculated against the time of day reference state obtained by 12-day low-pass filtering (shown with contour lines except for 925 hPa convergence). Rows designate different time lag/lead relative to the time of MCS genesis. The small magenta box is a visual aid depicting the MCS genesis area. Dots indicate statistical significance at the 5% level tested by bootstrapping with 5000 iterations.
and these two TEJ-related measures (not shown). This result further indicates that the TEJ plays no major role for MCS organization, at least not by affecting upperlevel shear or divergence.
Beyond the scope of upper-tropospheric dynamics, there is mostly agreement with earlier studies: The composite-averaged MCS forms within a significant preexisting wavelike pattern at 600 hPa which moves westward at a speed of approximately 6.5 m s 21 and might be associated with an AEW (Fig. 10j) . Average initiation within the northerly wind anomaly ahead of the AEW trough would be in agreement with previous studies that found that West Sahelian MCSs are most frequent in this wave sector (Diedhiou et al. 1999; Duvel 1990; Fink and Reiner 2003) . Because MCSs can also be initiated in each other sector of an AEW or without the presence of AEWs, the composite mean does not show a coherent AEW-like circulation structure (not shown). Prior to initiation, AEJ speed is on average increased by nearly 1 m s 21 ahead and slightly south of the future genesis area ( Fig. 10f ; anomaly is less pronounced in the Hovmöller plot). This observation, although just missing the 5% significance level, stands in contrast with the favorable dynamical configuration between the AEJ FIG. 10. Hovmöller plots of several composite mean anomalies (average over 287 MCS initiation cases in the Sahel-Sudanian region). Dots indicate statistical significance at the 5% level tested by bootstrapping with 5000 iterations. Crosses depict the path of the composite MCS. The right column shows the course in time for the initiation location field mean (28 3 28 box) of the three quantities within each row. The 925 hPa divergence from ERA-Interim has been scaled up by a factor of 5 for better visibility. The shaded areas around the lines depict the 10th and 90th percentiles scaled by a factor of 0.1. Solid line parts denote statistical significance at the 5% level.
and well-organized MCSs as proposed in Besson and Lemaître (2014) . Even though many typical mesoscale convergence lines are not resolved, all reanalyses show a significant increase of large-scale low-level convergence some hours before MCS initiation (Figs. 9d, 10a ). This increase in low-level convergence might be a spurious artifact of the reanalysis assimilation scheme but could also be associated with a shallow convection phase preceding deep convection. Consistent with the convergent low-level flow, ERA-Interim shows an anomalously cyclonic near-surface circulation with slightly albeit significantly increased monsoon flow to the west, increased northerly flow at and stronger southerly flow behind the MCS genesis region (Figs. 10e,i) . Associated with that cyclonic circulation is a noticeable, albeit nonsignificant decrease in 925 hPa geopotential height.
Significantly higher CAPE values and a significant mainly temperature related increase of moist static energy in lower levels are present before the MCS forms (not shown). Orography is another crucial forcing, since according to Mathon and Laurent (2001) , 55% of MCSs develop in regions above 400 m. Although the selected Sahel-Sudanian region is rather flat and not crossed by prominent mountain ranges, slightly more MCS initiations are detected at or near elevated terrain. Roughly 30% of MCS are initiated in regions above 400 m (topography data at 0.258 resolution) but these regions take up only 22% of the study area (not shown).
In summary, the investigation of nearly 300 Sahelian MCSs shows that the initiation is generally not associated with jet streak-like configurations or any striking anomalies in the upper-tropospheric wind field. . The percentages in parentheses denote the 5% and 95% confidence bound determined by a bootstrapping routine with 5000 iterations. If 25% is not within this span, we assume that above/below median MCS parameter values are significantly more/less often observed in the respective quadrant.
Substantial upper-tropospheric divergence exceeding climatological mean values is only present in 26% of all examined MCS initiations. There is further no significant relationship between preexisting TEJ-related divergence and intensity, size or longevity of MCSs. A brief analysis beyond the scope of upper-tropospheric dynamics confirms the important role of orography, favorable local-scale thermodynamic conditions and lowto midlevel dynamical forcing. What cannot be excluded within the scope of this analysis are possible interactions between the TEJ and some of the abovementioned forcings.
2) MODIFICATION OF THE TEJ BY MCSS Some hours after initiation, the MCS develops a typical upper-level outflow anticyclone. North of the MCS, where the Coriolis force is higher, we observe a stronger westerly anomaly in the northeastern sector of the MCS compared to a weaker easterly anomaly in the southwestern sector. Weak southerly anomalies are found in the northwestern sector and stronger northerly anomalies exist in the southeastern sector (Figs. 9b, 10g, k) . Albeit significant, the modification of the TEJ is rather weak in the composite mean because averaging of a high number of different MCS cases acts as rather heavy spatial smoothing. For some single cases, though, a strong easterly anomaly of up to 5 m s 21 is found in the southwest sector of the MCS (not shown), which is in good agreement with the results of numerical simulations in Diongue et al. (2002) . They found that an MCS' vigorous equatorward outflow deflected to the right by the Coriolis force can result in a significant intensification of the TEJ of about 15 m s 21 over scales of hundreds of kilometers.
This regional intensification might lead to a marked jet streak-like appearance in the regional 200 hPa zonal wind field.
3) COMPARISON BETWEEN DIFFERENT MCS INITIATION REGIONS AND REANALYSES
Composite-averaged upper-tropospheric winds before MCS initiation are similar for all other examined African regions. As in the main study area, the Sahel-Sudanian zone, no significant anomalies in upper-level zonal wind speed are found near the MCS genesis area on average (Figs. 12a,d) . Significant upper-level convergence and descending motion is apparent in all regions some 12-24 h before MCS initiation (Figs. 12c,d) . Moreover, no statistical evidence is found that preceding jet anomalies and associated upper-level divergence affects MCS intensity, lifetime or maximum size in any of the selected regions (not shown). With the exception of the northern Sahel, no significant meridional wind anomalies are present in the upper troposphere before MCS initiation. The main difference between the four regions is the involvement of AEWs. In the eastern Sahel region many AEWs are weaker, have not formed yet or might be initiated later by strong MCSs (Fig. 12b) .
The consistency of our findings is further tested by comparing MCS-associated mean atmospheric fields of ERA-Interim to those of MERRA-2 and JRA-55 for the Sahel-Sudanian region (not shown). High agreement among all three reanalyses is found for the atmospheric conditions before MCS genesis. None of the reanalyses show significant zonal wind anomalies or any significant divergence at the TEJ level. In synopsis, the comparison between different regions and different reanalyses provides further strong evidence that MCS initiation and organization are not associated with significant TEJ anomalies.
Summary and concluding discussion
Previous studies found a significant positive correlation between the strength of the TEJ over West Africa and Sahel rainfall on decadal and interannual time scales. A causal relationship was suggested but it has been unclear whether substantial interaction exists on much shorter time scales. In the first part of this study, we therefore investigate the relationship between the West African TEJ and Sahel rainfall (using OLR as proxy) over a range of synoptic to intraseasonal time scales. Using a variety of statistical analyses, we find the following:
d The statistical relationship between the intensity of the West African TEJ and convective activity in the Sahel is much weaker on synoptic to intraseasonal (correlations below 0.3) than on interannual and decadal time scales (correlations between 0.5 and 0.9)
d On synoptic time scales, phases of anomalous convective activity significantly lead changes in the regional TEJ intensity by one or two days, suggesting that convection anomalies are more likely to cause changes in the regional TEJ than vice versa A weaker statistical connection on shorter time scales is expected because high-frequency noise is not filtered out, as is the case for correlations calculated on longer multiyear time scales. Therefore, a strong relationship between the TEJ and Sahel rainfall might only be reflected in seasonal averages; one could assume a mainly one-way interaction in which the seasonally integrated effect of excess rainfall results in a stronger than normal TEJ over West Africa. However, the question arises as to whether the strong statistical correlation on longer time scales is mainly explained by such a direct relationship or whether a ''third variable'' considerably controls both the TEJ and Sahel rainfall simultaneously. Large-scale SST anomalies and their effect on the planetary-scale tropical circulation are a potential candidate, since they are not only linked to Sahel rainfall changes on interannual and (multi)decadal time scales (Folland et al. 1986; Janicot et al. 1996; Giannini et al. 2003; Bader and Latif 2003) , but also affect the TEJ intensity over India (Abish et al. 2013; Chen and van Loon 1987; Nithya et al. 2017 ) and over West Africa (Preethi et al. 2015) . In ongoing idealized model experiments, we seem to be able to confirm the role of global SST anomalies as said ''third variable''. By inducing changes in the planetary-scale tropical circulation through anomalous diabatic heating, large-scale SST anomalies influence both Sahel precipitation and the TEJ largely independently, but in a way that years of higher precipitation are usually accompanied by a stronger TEJ. Thereby, a high statistical connection between the regional TEJ and Sahel rainfall on interannual to multidecadal time scales is possible without any strong underlying interaction. The second part of this study revisits the role of TEJinduced upper-level divergence in promoting convection over the Sahel. By analyzing only 17 MCS initiation cases, Besson and Lemaître (2014) concluded that TEJ streaks and associated anomalous upper-level divergence might be favorable for the development of wellorganized and persistent MCSs. In contrast, we use a statistical approach with a larger sample size (287 MCS initiation cases) to investigate the synoptic upper-level wind conditions under which MCSs form and find the following:
d In the majority of cases, MCS initiation is not associated with TEJ streaks or any other significant anomalies of the upper-tropospheric wind field d TEJ streak-related upper-level divergence and/or anomalous TEJ intensity are not correlated with size, lifetime, intensity or movement speed of MCSs Our analysis does not rule out that there are individual cases in which a pronounced TEJ streak could significantly aid MCS development. Thus, the presented results do not necessarily contradict those of Besson and Lemaître (2014) . Because of the much larger sample size, however, it becomes clear that jet streaks on the TEJ do not occur in conjunction with MCSs in most cases, that is, prior to their initiation. Only after an MCS has already formed, may its anticyclonic divergent outflow alter upper-level winds such that the zonal wind field resembles a classic jet streak configuration. Our results therefore cast doubt on the validity of a jet streak-based conceptual framework at very low latitudes and, more generally, question the relevance of synoptic-scale ascent for promoting tropical convection. Thus, our findings are consistent with previous theoretical work which emphasized that balanced dry ascent is weak in the tropics (e.g., Charney 1963; Raymond et al. 2015) and that synoptic-scale vertical motions are typically too weak to play a primary role for convection (e.g., Doswell and Bosart 2001) .
In summary, this study challenges the previously proposed hypothesis that the TEJ might play an important role for Sahel rainfall via its control on upperlevel divergence. Our multiple statistical analyses show that the regional TEJ intensity over West Africa is only weakly correlated with Sahel rainfall on synoptic to intraseasonal time scales. More importantly, anomalies in convective activity appear to cause changes in the regional TEJ and not the other way around, which suggests a rather passive role for the TEJ. This result is further confirmed by the in-depth analysis of nearly 300 MCSs for which neither their initiation nor their degree of organization is significantly associated with TEJ-induced upper-level divergence or anomalous TEJ intensity.
Some questions, however, remain open due to the limitations of our study. First, by confining our analysis to the satellite era (after 1979) we cannot cover the wet WAM period of the 1950s and 1960s which was characterized by a stronger statistical relationship between rainfall and the TEJ (Fig. 1) . Therefore it cannot be ruled out that the more intense TEJ over West Africa might have played a more active role for Sahel rainfall in that period. Another limitation is the use of OLR as a proxy for rainfall. The advantage of using OLR, namely its availability for about four decades in almost gapless, spatially homogeneous datasets, could be partly offset by the disadvantage that the correlation between OLR and rainfall might decrease on subsynoptic spatial and daily or subdaily time scales. For instance, the lowest OLR values associated with an MCS do not necessarily indicate its convective core region, which can lead to several inaccuracies. An additional problem is the coarse temporal (3 h) and spatial resolution (18), not only of the OLR dataset, but also of the reanalyses. Because the TEJ and possible embedded streaks are mainly synoptic-scale features, we are nonetheless confident that they are reasonably well represented by reanalyses. Therefore, one of our study's focuses, the analysis of the upper-tropospheric flow prior to the formation of MCSs, should not be limited too severely by low resolution. However, it is not possible for us to investigate a potential interaction between the mesoscale flow of an already developed MCS and the synoptic-scale upperlevel flow due to the mainly resolution-related limitations of reanalyses.
Moreover, and most importantly, the TEJ could still have an influence on Sahel rainfall via other mechanisms than through affecting upper-level divergence. For instance, the role of the observed planetary-scale waves at the TEJ and their possible interaction with AEWs and synoptic-scale convection was stressed in Nicholson et al. (2007) and Mekonnen and Thorncroft (2016) . A further important question is whether not only fluctuations but rather the background mean state of the TEJ influences Sahel rainfall. Yang et al. (2018) showed that AEW activity depends on the background mean flow in the equatorial upper troposphere. A stronger and wider TEJ is associated with favorable equatorial Rossby wave propagation characteristics which promotes AEW activity. Therefore, further study is needed to understand what determines the TEJ mean state, how it is affected by remote influences and, in particular, how it interacts with Sahel rainfall.
